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 Fangwei  Shao ,  Hua  Zhang ,  Freddy  Boey ,  and  Xiaodong  Chen *  The development of sensitive and selective bioassays capable 
of monitoring biorecognition and interaction events is a 
major goal in biodiagnostics. [ 1–5 ] Various detecion schemes 
based on DNA and proteins have been demonstrated with 
mostly optical [ 6–9 ] and electrochemical [ 10–16 ] readout. Many of 
these reply on nanostructures for the signal transduction and 
amplifi cation which can leverage materials common to the 
fundamental biological processes of life occurring at nano-
scale. Particulary, the advent of nanoelectrodes has opened up 
capabilities for achieving the ultrasensitivity in electrochem-
istry, where their dominance of radial diffusion profi le can 
enhance the mass transport and electrode accessibility and 
hence result in a faster response and higher signal-to-noise 
ratio as compared with the bulk or macro-electrodes. [ 17–20 ] 
However, single nanoelectrode only generates small currents 
that are diffi cult to be detected, and from the viewpoint of 
practical application, a possible path to circumvent this point 
is to create nanoelectrode arrays whereby on one hand, an 
amplied signal can be achieved by increasing the interaction 
points between the measurement system and the matrix under 
examination; and on the other hand, the system retains the 
benefi ciary characteristics of the nanoelectrodes operating in 
parallel. To this end, a wide variety of techniques such as elec-
tron beam lithography, [ 21 ] focused ion beam milling, [ 22 ] and 
nanosphere lithography, [ 23 ] have been employed for the fab-
rication of nanoelectrode arrays as bioassays. Although the 
nanoelectrode array bioassay is well developed, to date, only 
the averaged electron transfer current is obtained in most 
cases, while the capability of simultaneous monitoring of the © 2013 Wiley-VCH Verlag Gmb
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information, that enables many important fundamental and 
technological advances in the life sciences, is highly desirable 
and has rarely been exploited. [ 24 ] 
 Herein, we designed a gold nanotip array as a versatile 
platform capable of combined ultrasensitive electrochemical 
detection and spectroscopic monitoring of local molecular 
information at individually addressed tip surface. We demon-
strated the specifi c picomole detection sensitivity for a model 
adenosine 5 ′ -triphosphate (ATP) molecule taking advantage 
of the nanoelectrode array feature. Furthermore, the change 
of chemical states of methylene blue (MB) at the electrode 
surface has been monitored via tip-enhanced Raman spec-
troscopy (TERS) thanks to the plasmonic gold tips. This could 
provide signifi cant advantage and serve as a stepstone for a 
better and comprehensive understanding of fundamental and 
complex biological processes in the future. 
 The gold nanotip array is constructed based on the gen-
eral principles for fabricating pyramid-shaped array template 
combining with the coating and etching processes of an insu-
lating layer as illustrated in  Figure  1 a. [ 25–27 ] Firstly, a silicon 
master with recessed pyramids array was formed by a conven-
tional photolithography and subsequent wet chemical etching 
processes. Then, a large-scale two-dimentional polydimethy-
lsiloxane (PDMS) pyramid-shaped array was obtained after 
curing and peeling-off processes. Next, in order to obtain a 
conductive electrode, another layer of gold was deposited 
forming a smooth and uniform layer and each pyramid has a 
square base several tens of  μ m in edge length and a tip that 
is about 100 nm in diameter as shown in Figure  1 b. Lastly, a 
resistive and transparent layer of poly (methyl methacrylate) 
(PMMA) was spin-coated and etched in a controlled manner 
to get the homogeneous gold nanotip array with pyramidal 
tips (Figure  1 c). With gold pyramidal array as the working 
electrode, it presented a typical cyclic voltammetry (CV) 
curve of ferrocynaide for a conventional bulk or macro-
electrode with well defi ned redox peaks, due to the planar dif-
fusion mass transport limited processes (Figure  1 d). [ 17–19 ] On 
the contrary, the gold nanotip array presented a characteristic 
sigmoid shape of nanoelectrodes in the CV curve of ferrocy-
naide owing to the dominated radial-diffusion resulting in a 
electron transfer limited process. [ 28 ] There are some advan-
tages of such tip array electrode including the low-cost and 
high-throughput standard silicon device fabrication process 1H & Co. KGaA, Weinheim wileyonlinelibrary.com
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 Figure  1 .  a) Schematic illustration of the fabrication process of gold nanotip array: (1) covering 
of thin PDMS layer on top of recessed Si pyramids, (2) curing and peeling-off two-dimensional 
(2D) PDMS pyramids array, (3) depositing conductive gold layer to form 2D gold pyramids 
array, (4) spin-coating of insulating PMMA on top of gold pyramids array, and (5) O 2 plasma 
etching of PMMA to achieve the fi nal gold nanotip array. Scanning Electron Microscopy 
(SEM) images of b) gold pyramidal array and c) gold nanotip array. The corresponding cyclic 
voltammetry curve for 5 mM ferrocynaide in 0.5 M NaCl with scan rate of 50 mV/s at d) gold 
pyramidal array electrode surface and e) gold nanotip array electrode surface. from the technological point of view comparing with other 
reported demanding and expensive methods, and more 
importantly, the decreasing chance of the overlapping of the 
diffusion layers by the inclusion of an insulating material of 
PMMA in between each nanotip. In this case, this tip array 
electrode is ready to serve as an effective working electrode 
in an electrochemical detection system. 
 To demonstrate the capability of such nanotip array elec-
trode to detect small molecules, ATP was selected as a model 
molecule for a proof-of-concept experiment. ATP is a uni-
versal energy carrier and plays a crucial role as an extracellular 
signaling mediator in many biological processes, like respira-
tion, biosynthetic reactions, and cell division. [ 29 ] The intracel-
lular ATP level is used as an indicator of living organisms and 
their biological activity, and its concentration is an important 
guideline in disease diagnosis. [ 30 ] To facilitate the affi nity and 
selectivity for ATP, aptamers are chosen as the biosensing ele-
ment as they are chemically stable, readily available, possess 
specifi c recognition abilities and undergo signifi cant confor-
mational changes upon target binding. [ 31–33 ] Accordingly, there www.small-journal.com © 2013 Wiley-VCH Verlag GmbH & Co. KGaAhave been considerable efforts to develop 
the aptamer-based ATP sensors, and to 
transform the binding events into physi-
cally detectable signals, mostly employing 
colorimetry, [ 6 , 34–36 ] fl uorescence [ 37 , 38 ] and 
electrochemistry. [ 39–41 ] Nevertheless, the 
colorimetric method only provides a rela-
tively low sensitivity (tens of nM), and the 
fl uorescence instrumentation required is 
sophisticated and expensive, and often the 
nonuniform rates of fl uorophore photo-
bleaching is a concern as well. Therefore, 
here we proposed to implement our gold 
nanotip array platform with a simple and 
inexpensive aptamer-based electrochem-
ical confi guration for ATP detection which 
gives an electronic readout directly as illus-
trated in  Figure  2 a. [ 42 ] Firstly, the thiolated 
ATP-binding aptamers are immoblized 
onto the gold nanotip surfaces through the 
strong Au-S bond. These single-stranded 
DNA (ssDNA) are random-coil like and 
prone to lie at the surface. Next, another 
layer of mercaptoethanol is immoblized to 
prevent any nonspecifi c binding. [ 43–46 ] In 
this case, the negatively charged ssDNA 
effectively repels the negatively charged 
redox labels, Fe(CN) 6 
3 −  /Fe(CN) 6 
4 −  in the 
solution, and thus results in a large interfa-
cial electron transfer resistance. While once 
upon ATP specifi c binding to the aptamers, 
a conformational change occurs to form 
rigid and folded structures that favors a 
stand-up confi guration, which signifi cantly 
increases the accessibility of the electrode 
surface and hence decreases the interfacial 
electron transfer resistance. 
 This electron transfer process could be 
effectively probed by the electrochemical impedance spectroscopy. As shown in Figure  2 b, the imped-
ance changes with different ATP concentrations same as 
proposed. To quantify the concentration dependence, a com-
monly used electrical equivalent circuit model was selected 
(see details of fi tting in the Supporting Information), [ 47 , 48 ] and 
the change of electron transfer resistance ( Δ R et ) increases as 
the ATP concentration increases, with a linear range from 
1 pM to 2  μ M and a limit of detection of 1 pM was obtained 
(Figure  2 c). With the amplifi cation by the tip array electrode, 
the sensitivity is more than one order of magnitude enhanced 
than the previous reported detection methods based on color-
imetric, fl uorescent, and spectroscopic techniques (tens pM to 
nM); [ 35–37 , 49–52 ] and similar to the electrochemical technique 
reported [ 53 ] while no additonal signal amplifi cation via gold 
nanoparticles is required in our system. In addition, to assess 
the specifi city of ATP detection, aqueous solution of ATP 
at a concentration of 100 nM and its analogues, cytosine tri-
phosphate (CTP), guanosine triphosphate (GTP), and urine 
triphosphate (UTP) at a concentration of 10  μ M, were tested 
under the same experimental conditions for a comparison. As , Weinheim small 2013, 
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 Figure  2 .  a) Schematics of ATP detection confi guration on the gold nanotip array platform. 
b) The representative impedance spectra with increasing ATP concentration (from top to 
bottom). Inset: the selected electrical equivalent circuit model for ATP quantifi cation, where 
the R s is the electrolyte resistance, Z w is the Warburg impedance, C dl is the interfacial double 
layer capacitance, and R et is the interfacial electron transfer resistance. With this model the 
semicircle diameter in the Nyquist plots represents the R et value accordingly in our calculation. 
c) The quantitative relation between  Δ R et and ATP concentration. Inset: the calibrated linear 
plot for ATP sensing over the range of 1 pM to 2  μ M. d) The selectivity of ATP toward different 
analytes. The concentration of ATP is 100 nM, and while that of CTP, GTP and UTP is 10  μ M. presented in Figure  2 d, only slight changes of electron transfer 
resistance took place for all the analogues that was about three 
orders of magnitude smaller as compared with ATP due to the 
high affi nity and specifi c binding process of ATP. This clearly 
demonstrates that the nanotip array serves as both an ultra-
sensitive and selective ATP detection platform that could also 
be applicable to other general aptamer-based systems. More-
over, a preliminary test of ATP sensing in the real sample of 
the lysis of fi brosarcoma cell is performed demonstrating the 
possible application of our sensing platform in the biological 
fi eld (see details in the Supporting Information). 
 Despite the enormous opportunities offered by this plat-
form on electrochemical biosensing, understanding more 
local chemical information with enhanced spatial resolution 
remains a hurdle. [ 54 , 55 ] Importantly, spectroscopic approaches, 
where the plasmonic metallic nanostructures can support 
surface plasmon resonance, can possibly provide such com-
plementary information, especially in biologcial sensing and 
molecule tracking processes. [ 56 , 57 ] Enlightened by the special 
plasmonic gold nanotip feature of the our platform, we envi-
sion that our fabricated nanotip array can in principle serve 
as an effective TERS substrate owing to the substantial local 
electromagnetic fi eld around tips. [ 58–61 ] TERS is a powerful 
technique that provides molecular information via a nano-
scale tip resulting in a strong signal enhancement and high lat-
eral resolution. [ 62–64 ] This work was partically inspired by this 
whereby the local chemical information can be potentially © 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheimsmall 2013, 
DOI: 10.1002/smll.201202620transmitted from near-fi eld light to the far 
fi eld Raman-scattered photons. 
 In this regard, to demonstrate the 
complementary capability of TERS moni-
toring of local molecular information, a 
system has been designed on studying 
the movement of electrons in biological 
matrices that is fundamental in many life 
processes. [ 65 , 66 ] Particularly, DNA is an 
increasing important building block and 
is readily immobilized on the electrode 
surface. [ 67 ] Therefore, we have designed a 
system of DNA coupled with MB as illus-
trated in  Figure  3 a, the gold tip surface is 
fi rstly immobilized by a monolayer of thi-
olated ssDNA, and followed by the inter-
calation of MB, where MB acts as both the 
Raman and electrochemical probe. 
 The corresponding cyclic voltammetry 
curve of MB is shown in Figure  3 b (black 
curve), presenting a characteristic sigmoid 
shape of nanoelectrode with different 
redox states of MB. In addition, as pre-
sented in the time-resolved Raman spectra 
of MB at different potentials (background 
subtracted) (Figure  3 c), before reduction 
(at –0.15 V vs. Ag/AgCl), Raman intensi-
ties of all characteristic bands of MB (1390, 
1430, and 1622 cm  − 1 corresponding to the 
symmetric and asymmetric CN stretches 
( ν sym (CN) &  ν asym (CN)), and the ring 
stretch ( ν (CC) ring ), respectively 
[ 65 , 66 ] ) are 
high due to the resonant Raman scattering, i.e. the selected 
633 nm laser excitation is in resonance with the molecule 
absorption peak (Figure  3 d). In addition, the gold tip plays 
an important role for the Raman signal enhancement with an 
enhancement factor estimated to be 2  × 10 4 (see the detailed 
calculation of enhancement factor in the Supporting Informa-
tion). However, with a cathodic scan from –0.15 V to –0.65 V 
vs. Ag/AgCl, MB on the DNA chains is reduced and forms 
the colorless leuco-methylene blue (LMB), and the absorp-
tion peak of LMB shifts away from 633 nm. Thus, there is no 
more resonance effect, and it induces the decreasing Raman 
intensities. We note that although the Raman signal is low, 
but still there are some distinct Raman peaks presented 
thanks to the plasmonic enhancement effect of gold tip. Like-
wise, this change of Raman intensities is fully reversible that 
triggered with the redox reaction (see Raman spectra with 
oxidation reaction in the Supporting Information). As shown 
in Figure  3 b (red curve), the change of Raman intensities 
within a redox cycle is plotted correlating well with the tradi-
tional CV, where they both exhibited a sharp transition when 
the reduction or oxidation occurs around –0.35 V. Based on 
the above fi ndings, the developed gold nanotip array plat-
form providing with better lateral spatial resolution and local 
chemical information can serve as a model system for inves-
tigating some other small biomolecules such as doxorubicin 
that have specifi c interactions with DNA in the future, and it 
may help with a better understanding of biological processes 3www.small-journal.com
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 Figure  3 .  a) Schematics for ssDNA-MB system on the gold nanotip array platform. b) The 
representative cyclic voltammetry curve for MB (black curve with scan rate of 5 mV/s) and 
the corresponding Raman intensities of peak at 1620 cm  − 1 during redox cycle (red curve) at a 
single gold nanotip. c) The Raman spectra of MB under a cathodic scan from −0.15 to −0.65 V 
vs. Ag/AgCl under 633 nm laser excitation wavelength (with background subtracted). Inset: 
the Raman mapping of an individual tip at 1620 cm  − 1 . d) The absoption spectra of MB and 
reduced LMB at 100  μ M. Inset: the chemical structure of MB and LMB. in the future, especially some biochemical reactions at a het-
erogeneous surface locally, such as biocatalysis. 
 To conclude, we have constructed a gold nanotip array 
as an integrated platform allowing the combination of elec-
trochemical and spectroscopic approaches using a low-cost 
and high-throughput fabrication tecnnique by conventional 
photolithography and etching processes. An ultrasensitive 
electrochemical detection has been achieved with a limit 
of detection down to 1 pM for the aptamer-based specifi c 
binding of ATP. Moreover, due to the high local electromag-
netic fi eld exsiting in each individually addressable and acces-
sible nanotip element on the array platform, a capability of 
simultanenous optical monitoring of local chemical informa-
tion of MB at the gold tip surface via TERS has been demon-
strated. Importantly, by creating the “nano-bio-electro-photo” 
interface, we speculate that this system may serve as a versa-
tile platform for applications in various fi elds, for example in 
the sensing and monitoring of biocatalysis and other dynamic 
and complex hetergeneous processes or even cellular proc-
esses locally, by an optimization of the tip array parameters 
and increasing the capability to put increasing functionality 
into smaller and smaller species in the future. 
 Experimental Section 
 Materials : Vinyl-compound-rich prepolymer (VDT-731) and 
hydrosilane-rich crosslinker (HMS-301), platinumdivinyltetramethy-www.small-journal.com © 2013 Wiley-VCH Verlag GmbH & Co. KGaA, ldisiloxane (SIP 6831.1) was purchased From 
Gelest, Inc. 2,4,6,8-tetramethyltetravinylcy-
clotetrasiloxane was purchased from Fluka Inc. 
Potassium hydroxide (90%), hydrogen fl uorate 
(HF 49%), hexamethylenetetramine (99.5%); 
and ammonium fl uoride (40%), adenosine 
triphosphate (ATP), cytosine triphosphate 
(CTP), guanosine triphosphate (GTP), urine tri-
phosphate (UTP), methylene blue (MB), mer-
captoethanol, tris(2-carboxyethyl)phosphine 
hydrochloride (TCEP), tris(hydroxymethyl)ami-
nomethane, and ethylenediaminetetraacetic 
acid (EDTA) were obtained from Sigma-Aldrich. 
The thiolated ATP binding aptamer (5 ′ -HS-
(CH 2 ) 6 -AGACCTGGGGGAGTATTGCGGAGGAAG-
GTCT-3 ′ ) was synthesized and purifi ed by 
Invitrogen Biotech Co.Ltd. The fi brosarcoma 
cells were obtained from American Type 
Culture Collection (ATCC). 
 Fabrication of Nanotip Array : Firstly, the 
silicon wafers with 280 nm silicon dioxide 
(SiO 2 ) were cleaned by sonicating sequen-
tially in acetone chloroform, ethanol, and 
deionized water for 30 min. Square well 
arrays were fabricated by photolithography 
with a chrome mask (maskaligner of SUSS 
MJB4). The photoresist (AZ 1518, Shipley, 
USA) patterns were developed in AZ 300 MIF, 
and then exposed to oxygen plasma for 30 s 
(200 mTorr) to remove residual organic mate-
rials. Subsequently, the substrates were placed in a developer solution (40% NH 4 F: 49% HF  = 7:1 in 
volume) for 4 min to remove the SiO 2 layer where was not cov-
ered by the photoresist. Next, the substrates were subjected to 
an etching process in 35% Potassium hydroxide (KOH) solution 
saturated with isopropanol (IPA) resulting in the formation of 
recessed pyramids. Then, two dimentional polydimethylsiloxane 
(PDMS) pyramids array was formed via the method reported 
before. [ 68 ] After this, chromium (3 nm) and gold (50 nm) were 
thermally evaporated onto the PDMS to form a conductive layer. 
Next, a resist of poly (methyl methacrylate) (950 PMMA, C7) 
was spin-coated on top at 1000 rpm for 60 s. Finally, an oxygen 
plasma (Plasma Cleaner, PDC-32G, Harrick) was used to etch 
PMMA to expose the tip with the oxygen fl ow of 200 millitors and 
a plasma power of high for 1 min. Field emission scanning elec-
tron microscope (FESEM) was employed (JSM-7600F, JEOL, Japan) 
to characterize the morphology of the electrode. 
 Modifi cation of ATP-Binding Aptamers : The fabricated 
nanotip array electrode was incubated in a 10 mM Tris-HCl 
buffer (pH 8.0) containing 1  μ M HS-ssDNA (5 ′ -HS-(CH 2 ) 6 -AGAC-
CTGGGGGAGTATTGCGGAGGAAGGTCT-3 ′ ), 1 mM TCEP, 1 mM EDTA, 
and 1 M NaCl for 12 h, followed by a treatment with 1 mM mer-
captoethanol for 1.5 h, in order to obtain a monolayer of ssDNA 
onto the gold tip surface. The ratio of the aptamers and mercap-
toethanol is about 1:100 in terms of the surface density. For the 
DNA-MB part, the probe intercalators were incorporated into the 
ssDNA by the interaction of the chip with 50  μ M MB solution for 
20 min. After this, it was washed with 10 mM pH 7.4 Tris-HCl 
buffer. Weinheim small 2013, 
DOI: 10.1002/smll.201202620
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